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.ABSTRACT
Collap~e- of casing due to formation slumping and
salt flow~~e into cavities in these format ons has
presented a difficult problem.

The major salt deposits

of western North Dakota may be placed in three evaporiiB
types: normal marine, penesaline, and saline .

The

four major formations encountered in oil well drilling
are the Prairie Evaporite of Devonian age, Mississippian
Charles, Permian Opeche, and the Spearfish of Triassic
age.

A variety of drilling nruds including gypsum, lime,

high PH, barium carbonate, and saturated salt base
nruds have been used to drill the salt units .

The satu-

rated salt base mud has proven to be the best suited
to-date.

At the request of the Amerada Petroleum

Corporation, the Battelle Memorial Institute prepared
a report covering the flow of salt associated with casing
collapse .

Although the report did not .solve the collapsed

casin g problem, experimental results proved that under
pressure, salt will flow, ir a cavity, provides space
for movement .

The elimination of such a cavity could

be accomplished by the use of a salt base mud and a good
casing cementing job.
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INTRODUCTION
Purpose and Scope.
The purpose of this report is to discuss the prob lem
of the collapse of oil well casing due to .the slumping
of salt formations.

The casing failure is believed to

be caused by improper drilling mud and cementing
programs, thus, inducing the salt to flow against the
casing.
The material in this report, however, will include
the deposition, stratigraphic location, and structure
of the salt deposits in North Dakota, as well as the
types of drilling muds used in drilling salt units.
A summary of a report by the Battelle Memorial Institute
on the movement of salt is also included.
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DEPOSI TION OF SALT
Theories.
The deposition of salt is looked upon by various
aut~orities in somewhat different ways, but basically
their views are similar.

The deposition of the Devonian

Prairie Evaporite, Charles , of Mississippian age, Permian
Opeche, and Sp earfish of Triassic age formations fits
into the theories of some of these men (Figure 1).
TWenhofel (1932, p. 462-464) says that "the evaporation
of sea or other salt water precipitates the substances
in solution in reverse order to solubility and extent
of saturation, with various modifications arising from
i n ter action s of the various sub~ tance s i n solution to
temperature, sunlight, and probably oth er factors.

11

The evaporite cycle would then be, according to TWenliote+,
carried out in the following order.

Calcium carbonate

would be p recipitated rirst, followed by calcium sul fate
in the form of gypsum or anhydrite.

The next evapor ite

deposite d would be sodium ch loride, followed by the
salts of the last bitterns~ which contain potassium
chloride (TWenhofel, 1932, p. 470).

The evaporite cycle

does not neces s arily come to completion in nature, but
may be stoped at any ph as e in the sequence of deposition
by an event such as a ch ange in climate or influx of

-

sea water.
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Figure 1.

App roximate salt formation boundries in
North Dakota. (Revised from _4nderson, S.B., aid
Hansen, D.E., 1957).

Legend--
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De vonian Prairie Evaporite forma t i m
Mississippian Charles formation
Permian Op eche formation
Triassic Spearfish formation
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Sloss ( 1953,p. 153) divides the evaporite cycle
into the three catagories- normal marine., penesaline.,
and saline.

The sequence begins with deposition of

calcium carbonate, followed by anhydri tic dolomite and
anhydrite, which is overlain by halite and anhydrite.
This cycle could also be repeated.

The Charles formation

follows this pattern, as it consists of fragrnental to
dense limestones, anhydrite with red and gray shales,
and salt.

This intra-basin evaporite group described

by Sloss as having been developed by tectonism, reefs,
or a combination of the two indicates the possible origin
of the Devonian Prairie Evaporite formation (Sloss, 1953,
p. 155-160).

The Permian Opeche formation seems to

have been formed during a change of phase in the
evaporite cycle as is indicated by the impurities ~d
difficulties in picking the section by analyzing core
samples.
Grabau ( 1920, p. 116-154) placed salts of marine
origin in the following 1·our classes- marginal salt
pans., marine saline.a, lagoonal deposits., and relict
seas.

These catagories indicate the ·o rigin of salt

deposits and the evaporite cycle sequence is developed
within each one.

Essentially an area separated from

a larger or main body of sea water undergoes evaporation
and becomes supersaturated by addition or sctlt, thus
inducing saline pr~cipitation.

5
Pettijohn ( ~956, p . 482-483) states that the order
or precipitation of evaporites is generally anhydrite,
gypsum, and halite, although order depends on temperature
and gross salinity.
STRATIGRAPHY
The major salt beds in North Dakota are represented
by four mappable uni ts.

These uni ts are the Prairie

Evaporite of Devonian age, Charles of Mississippian
age, Opeche of Permian age, and the Triassic Spearfish
(Figure 2).

These formations have presented the major

salt drilling problems in North Dakota.
Devonian Stratigraphy.
Baillie ( 1953, p. 10) suggested the name Prairie
Evaporite for the upper unit o~ the Devonian Elk Point
group.

In North Dakota the Prairie Evaporite formation

varies in thickness from 350 feet in the Amerada Petroleum
Corporation H.O. Bakken well to 650 feet in the Imperial.
Davidson well in Saskatchewan (Baillie, 1953, p. 95).
The Prairie Evaporite formation consists of dense
dolomites, a,nhydrites , and salt.

The dark limestones

with shale partings of the Winnipegosis formation underlie the Prairie Evaporite formation, and the Dawson Bay
formation which consists of red and green shales,
fragrnental lim3stones, and anhydrite beds overlies the
Prairie Evaporite formatiun.

The variation in lithology

and thiclm.ess of these formations makes the job of
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destinguishing the Prairie Evaporite formation in some
wells slightly difficult ( Baillie, 1953, p.

444-447) .

Mississippian Stratigr~.
The Charles formation is underlain by the oil
producing Mission Canyon formation.

The Mission Canyon

formation consists of strat a that varies from fragmental
and dense limestones to shales that grade into slightly
anhydritic fragrnental limestones.

The gradation is the

beginning of the evaporite cycle .

The base of the

Charles formation consists of brownish and yellowishgray fragrnental ~imestones .

The middle and upper

p orvions of the formation is chiefly an evaporite sequence
and contains repetitions of salts, anhydrites , thin shales ,
and fragmental limestones .

In North Dakota the Charle s

formation contains seven separate salt beds.

These

separate b e ds vary in thickness from 10 to 500 feet
and comprise a total of approximately 300 feet.

The

Charles formation is located in the deepest part of
the Williston Basin and the western one-third of North
Dakota.

The closing phase of the evaporite cycle is

represent~d by the reddish sandston es and silts of the
Kibbey formation which overlies the Charles formation
(Anrichuk, 1955, p. 2170-2210).
Permian Stratigraphy.

e

The Permian Opeche formation is the thinnest of
the salt formations and reaches a maximum known thickness
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of 181 feet a few miles north of Dickinson, North Dakota,
in the Socony Vacuum Oil Company Dvork well.

The Opeche

formation unconformably overlies the porous, fine grained
Pennsylvanian Minnelusa oil sand, and is overlain by
the Permian Minnekahta .formation.

In North Dakota the

Opeche formation is generally a reddish sandstone,
siltstone, req ahale, and salt sequence.

Because impurities

make the Opeche formation hard to det e rmine from well
logs and because only a small number of wells have been
drilled into the formation, very little information
is available on the formation at the present time
( Anderson, and Hansen, 1957).
Triassic Stratigraphy.
The Triassic Spearfish formation is underlain by
the Minnekahta formation of Permian age.

Reddish brown

sandstones, siltstones, shales, and two major salt sections
make up the Spearfish formation.

The salt sections

aquire their greatest thickness, approximately 150 to
200 feet, in west-central and southwestern North Dakota
respectively.
Zeiglar ( 1955, p. 49-55) named the two salt sections
of the Spearfish formation the Pine salt and Dunham
salt, with the Pine salt being the stratigraphically
lower unit .

9
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S'rRUCTURE
Regional.
The structure of the four major salt deposits of
North Dakota is essentially the same as the entire
Paleozoic and Mes ozoic deposits of the state.

According

to Laird (1951, p . 2) the salt formations are part of
the sediments of a down-sinking basin, the Williston
Basin, on the shelf area of the main geosynclinal trough
which is now the present site of the Rocky Mountains
in the United States and Canada.
During most of the Paleozoic Era the basin received
sediments from an extent of land area which probably
could be called Siouxia, therefore, the beds wedge
out up dip toward the eastern side of the basin {Laird,

1952, p. 16-19).

Thus , the only structural variation

in the salt forma tim s would be possibly due to compaction
of the sediments over former Precambrian highs.
According to Levorson (1956, p. 259-260) the salt
domes of the Gulf Coast originate from deep seated
sources, whereas the salt anticlines of Rumania, Polan~
and France represent incompetent salt beds squeezed
out on the crests of anticlin es.

Where the climate

is dry, as in Persia, the salt may flow out on the
surface and form a mass resembling a glacier .
The salt deposits of North Dakota are not similar
to the salt dome and salt anticline deposits.

The

10

deposits of North Dakota have not been subjected to
the intense pressures and deformations which the dome
and anticlinal deposits have experienced.

The salt

of the dome and anticline deposits has intruded and
uplifted strata until equilibrium was reached .

DRILLING MUD
Planning and proper maintenance of drilling fluid
properties is highly important in resolving the salt
drilling problem in North Dakota.

In order to develop

mud programs, consideration must be given to the lithology
that will be encountered in the well to be drilled,
and from this information take note of the following
items: quantity of salt or other evaporites present,
amount of upper Cretaceous shales and bentonite to be
dri lled, and the zones of possible loss of circulation.

In North Dakota, a thick section of Tertiary and
Cretaceous shales and bentonites cause a drilling mud
problem even before salt sections are encountered.
The mud problems encountered while drilling the Tertiary
and Cretaceous sections of the hole will include a mud
weight buildup, due to drilled solids, and a caving
shale section.

A light chemical treatment envolves

the addition of caustic soda and tannins or phosphates
and tannins to the mud.

e

At present, the usual pract~ce

is to convert this light chemically-treated native mud
to a mud which will tolerate the presence of the anhydrite

11

and/or salt contaminants encountered.
mud

;is

This "top-hole"

converted to a saturated salt mud prior to drilling

into the Tria~sic Spearfish forIJB.tion, which is the first
major salt formation enccuntered (Brown,

1954, p. 154) .

Types.
Five major types of muds are being used in North
Dakota at the present time.

One of these types, gypsum

base mud with starch additives, has been found effective

1954, p. 1;2+).

in reducing caving and sloughing (Anonymous,

But, in using gypsum base mud the addition of pregelatinized starch and salt water clay must be careful]y
controlled.

In addition, gypsum muds are corrosive to

drill pipe, pumps, and other metal equipment.
Still another mud type, lime base mud, has proven
to be more expensive than gypsum base mud.

Salt can

be drilled with lime muds, with the mud properties
being controlled by an addition of salt water, clay
and starch.

The "top-hole 11 mud is converted to lime

a short distance above the Tria~ sic Spearfish formation
(Brown,

1954, p. 155).

The third type mud, high PH red mud, will tolerate
the gypsum or anhydrite drilled, with the mud properties
being controlled by the addition of chemicals and water.
But if salt is encountered or the salt concentration

4 %, starch must be added to control
the filter loss (Brown, 1954, p. 155).

of the mud exceeds

12

Barium carbonate mud is the most expen s ive type
of drilling mud .

Due to the large rn.t,.'b er of wells in

which salt would have to be drilled , a barium c arb onate
mud type prograr1 would be economically impractical .
The most successful type of drilling mud used in
drilling salt formations is a saturated salt base mud .
According to Gray, et al. (1956 , p. 156) saturated salt
base · mud i·s used to dril l salt domes in the Gulf Coast
area, and has been highly successful .
O' Brien (1955 ,. p . 134 ) reports that the cost of mud
materials used in salt-water mud is equal to or higher
than that for fresh-water muds .

In the mud systems in North Dakota sodium chloride
is being added at or near the top of the Triassic
Spearfish formation , until a concentration of at least
270 , 000 parts per million of sodium chloride is present

in the system.

The filtrate properties are controlle d

by starch additions .

Saturated salt water is used as

a make-up water for subsequent water additions to tho
mud system.

The density or mud weight of this system

will be between 10 . 8 to 11 . 2 pounds per gallon , which
would cause circulation loss if not lowered .

Crude oil

is being used to de crease this mud weight t o less t h an
10 . 7 pounds pr gallon.

Approximately 1e

%by

volume

of crude oil is maintained in the system at all times .
The make-up of a sal t-sa.turated mud would vary from
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well to well, but the basic ingredients would remain
the same.

In conclusion, bett~r salt drilling mud practices
are being planned by drillers in North Dakota by consideration
of the following items:
1) Laboratory research in the addition of disper>sive
chemicals to improve present day gypsum base muds .
2) Use of corrosion inhibitors in drilling muds
to prevent corrosion of casing. Sodium dichromate
and sodium nitrate can be used at a cost of
about ~300 per well .

3) Use of corrosion inhibitors behind producticn
casing opposite salt zones ·to prevent salt
corrosion and bacterial attack in complete d
wells (Brown , 1954, p . 156) .
Danchertsen ( letter to the writer dated April 8th

1958) says that since supersaturated salt mud and heavier
casi~g have been used in salt sectiuns in North Dakuta
by the Amerada Petroleum Corporation , there has been no
casing failure in wells drillea under the modified program.
SALT DISPLACEMENT
Solution Cavities .
The first wells drilled in North Dakota were drilJed
with fresh water mud which would . leach salt formaticns
to varying deJ'rf!~s.

The size of the leached cavity, n o

doubt , would depend upon the saline content of the
drilling f'luid at the time the formation was f'irst
penetrated, coupled with the time the formation was
exposea to the undersaturated mud stream and volume
circulated prior i::;u setting wid cementing casing.

e

Jlj.

It is believed that casing failures have resulted from
co~lapse of seQiments into this void and against the
casing stri ng, or a comovnation of such a collapse of
sediments against a casing string which has been weakened
by corrosian (Brown, 1954, p. 156) .

The information

gathered to this point indicates the need of mud control
in drilling salt sections, coup led with the elimination
of space around the oil well casing .

A fairly uniform

hole should be obtained by using salt mud , but there .
still remains a small space between the well and the
casing .

This can only be eliminated by a good cement

envelopment about tne casing.

The only way to determine

the exact amount of cement needed to fill the annular
space between the casing and the sides of the well is
to run a calip er log survey and determine the volume
to be filled (Uren , 1956, p. 613) .

The use of the caliper

log to help determine the volume of the well to be filled
with cement is effective only if there is no large cavity
which the calipe r could not measure .

Because ha at is

given off by cement while setting, a temperature log
could be run to determine the top of the cement or a
radi o- active log could be run if the cement had been
treated with Carnotite (Uren , 1956, p . 616-617) .
None of these previous situations guarantee the complete
filling of the annular space between the casing and well
by cement , therefore , the p ossibility of casing failure

15
due to salt movement is only minimized.
Salt Creep.
The amount that salt will creep under stress was
determined by the Battelle Memorial Institute at the
request of the Amerada Petroleum Corporation.

The ex-

periment was carried out in the following manner.
In the absence of a specific theory applicable
to t he flow of salt in salt beds, it is believed that
some informatim concerning the flow could be obtained
by employing an approach similar to that used to analyze
the plastic behavior of metals.

The solution can be

examined and its usefulness determined in accordance
to the situation encru.ntered.

According to Bodine,

et al., (1955, p.2) the Von Mises or distortion-energy
theory, "which stipulates that flow will occur under
combined stresses when the distortion energy under the
combined stresses becomes equal to the distortion energy
at the initiation of flow in simple uniaxial tension
or compression."

The Von :Mises theory, however, does

not fully apply to salt creep in that it do.es not involve
functio~s of time as well as stress.

It is to be under-

st od that simple laboratory experiments cannot fully
duplicate the complex conditions which occur in nature.
Salt cores from the Charles formation of Mississippian
age were used in the experiment and a simple state of
uniaxial co1t1pression was established.

16
Mathematical Considerations

In order to adapt an engineering solution to the
problem of the collapse of oilwell basin g, because
of the flow of salt, certain syrnplifying assumptions
must be made.

First, the salt is considered an infinite

layer of elastic material in wh ich there is a circular
cylindrical cavity (fig. 3).

To consider stress on

the system, a cylindrical coordinate system is used
with the Z axis coin ciding wi th the axis of the hole.
Other assumptions made were, "th e elastic de.fprmation s
can be neglected in comparison with those due to creep;
the rmterial is incompressable; and the strain rate

.

(E) i n simple compression can be considered a product
of a power function of the stress (c:r) by a function
of the time (t).
are con stants.

.

Thus, E=kcr 11 f(t)

where k and n

The above are usual engineering assump-

tions predicated to describe creep phenomenon. 11

The

result of the computation s of the experiment is the
formula.:

T

==-

(2n-l) 1n ( /c )/B2 11 P 11

,

where T: total

time of creep; P:effec t ive hy 1ro static p re ssure; a:
ori ginal radius of hole; c:fin al r adi us of hole; ln:
natural logrithum; and B and n ..ire constants.
"As an example of how the equation might be used,
let us calculate the time for clo sure of a 9-inch-

e

radius hole to a 3-inch-radius hole, a ssuming an

17
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Figure

3.

Loading on an Infinite Layer With a
Circular Cylindrical Cavity.
(Bodine,~ al, 1955, p.4).

e
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effective hydrostatic pressure of 1000 pounds per
square inch.

The creep constants Band n for the salt-

core material are found to be approximatelyB.:: 1.1 5 X 10
(1000) •. ,.

n:.: 6.45

-r

therefore, T.::11.9 x 10 3 (ln3)=13 , 100 hours, or about
18 months .

If P::: 1,500 psi, T =964 hours, or 40 days;

If P::: 2,000 psi, T: 1.51 hours, or about l week .
Experimental Procedure
"The specimens that were used during this investigation were cut from 4-inch-diameter cylinders

ot rock

salt ta~en from the .Amerada Petroleum Corporation's
North Dakota fields.
following wells :

Specifically, they came from the

Dena Svor, Tract 2, well no. 2; PetEr

Kvam Unit, well no. l; and Lars Kvam Tract 1, well
no. 3.

The depths were from 6353 feet to 8187 feet.

Salt taken from the upper locations was chosen because
it represented the area o:r most casing di:fi'iculty. 11
The specimens used were approximately 6 inches
long.

The device used to perform the tests was

essentially a system consisting of a hydraulic press
connected to a high-pressure oil pump.

This system

could apply a maximum load of 35,000 pounds; md a
total deformation of 6 inches could be obtained.
However, ~rie deformaticn was restricted to about 1/2
inch to prevent failure of the specimen.

e
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Uniform loading of the ends of the specimen was
ob t ai:ied by using a ball and socket arrangement , and
deformation was measured by a 0 . 0001 - inch-per - division
dial gage .
To measure the strain from total specimen deformation , certain rigid requirements must be observed,
namely, that the state of strain in the specimen be
uniform.

To assure this condition, several layers of

aluminum foil lubricated with molybdenum disulfide
were p laced on t h e ends of the specimens , thereby eliminating barrel shaped swelling, which had been the result
of non- uniform strain.
A furnace was placed about the specimens to
simulate temperature at depth.

The temperature range

was from room temperature to 250 degrees.

It was ex-

pected that the temperature change would effect the
water content of the salt cores, but the water content
change was found to be very small .
Test Results
The salt core specimens were not homogeneous ,
therefore, only general trends and average vall,.e s
were obtained from the test .
D

The rate of s·traih result

of the tests at 76 F (room temperature) and 200

°F

of the salt cores was approximately 0 . 1 inch/inch/houn
The ha~dness of the salt cDres taken from the
upper and lower portions nf t.he Charles formation varied

20

~s to the impurities and matrix, not the salt crystals
themselves.

The upper portion of the Charles forr11ation

contained fewer impurities aid less matrix and rock
inclusions, and it is believed that the upper portion
would behave more like pure salt.

The most casin g

failures also occurred in the upper Charles salt,
therefore, only upp er Charles salt cores were tested
i n compression creep.

The general form of the test

curves obtain ed for salt cor e s ample
to those obtained for metals .

is quite similar

Bodine , et al.,(1955,

p . 21) states "there is a primary stage, in which the
creep rate is continually decreasing, a secondary
stage of practically constant creep rate, and a third
stage in which the creep rate increases until fractu re
occurs. "
Figure

4 shows values of creep strain for stresses

other than t hose tested.
shown.

Times up to.190 h ours are

Creep deformation that woul d occur for any

stress below the failur es re s s can b e estimated from
thi s figure.

Rate v alues b e l ow 1000 psi are only

of little reliability.

It should also be noted that

a limited number of specimens have been used in this
rese arch, and the resu lts obtained may vary from what
is considered average .
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SUMMARY AND CONCLUSIONS
The four major salt formations of North Dakota
are the Devonian Prairie Evaporite , Vdssissippian
Charles, Permian Opeche, and Triassic Spearfish .
Thd deposition of t he salt i n North Dakota may have
occurr ed in the three evaporite cycles : marine ,
penesaline , and saline .

The movement under pressure

and heat of this s alt i n to oil wells has been a
difficult problem.

Of the five drilling muds-gypsum,

lime , high PH, Barium Carbonate , and saturated salt
base - the salt base mud is the best to use in drilling
through salt .
A research pro j ect · concerned with salt movement
was conducted by the Battelle Memorial Ins t itute under
the auspices of the .funerada Petroleum Corporation .
The Institute found that salt

1

ill move at a rat e

directly related to temper a ture and pressure .

The

onl y way to e liminate salt movement is to prevent
the formation of cavities.

The use of saturated salt

mud to drill in gauge wells and cement to fill all
possible cavities is not a defin ite assurance of the
remov al of cavities .

Some cavities may still remain ,

therefore, the c as ing to be used must be able to
with stand pressures which are greater than t he formation
pressures encountered .

A safety f ac t or mus t be main-

tain ed in the casing by usin g casing of a stress rating

23
sufficient larger than the formation pressures
encoi..:ntered.

The writer believes that to accurately

determine the salt conditio~s of each well a study
similar to the Battelle Memorial Institute report
should be conducted i n each area where salt provides
a problem.
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